Abstract-We investigate the optimisation of the length of an un-pumped erbium doped fibre (ED F) in order to suppress amplifier noise in a linear-cavity fibre laser structure. The experimental results demonstrate the existence of an optimum length of the un-pumped EDF which eliminates noise due to high optical pumping powers, thus leading to a stable laser output.
I. INTRODUCTION
The unique capabilities of fibre lasers, such as narrow linewidth, easy implementation into a fibre system, high output power and high Side Mode Suppression Ratio (SMSR), make them attractive for applications such as Wavelength Division Multiplexed (WDM) systems, spectroscopy, bio-technology and fibre sensor networks. For example, fibre lasers are used by fibre sensors to monitor temperature and strain in different environments [I] . To increase the output optical power of fibre lasers, several pump sources are usually used to excite the erbium doped fibre (optical gain medium). However, using high pump power leads to the generation of high gain regions within the optical gain spectrum, leading to noise produced by the amplifier and therefore instability in the output laser power [2] .
A number of different techniques have been reported which endeavour to minimise laser mode competition in fibre lasers, including Fibre Bragg Gratings (FGB), etalon based filters like Fabry-Perot cavity and acousto optic based tunable filters. However, such techniques often employ a combination of components or the requirement to modify their characteristics, thus adding complexity to their operation and control. For example, as reported in [3] , stable wavelength output was achieved by the use of an apodised FBG with the addition of an intra-cavity high finesse FBG Fabry-Perot etalon. The modification of the FBG as well as the fact that the fibre system used relatively low pumping power decreased the likelihood of spontaneous noise fluctuations within the gain media. *dmichel@our.ecu.edu.au 978-1-4577-1169-5/11/$26.00 ©2011 IEEE Another example where a device was modified to change its characteristics can be found in [4] . A number of different patterns were etched onto a Fabry-Perot by using focused ion beam (FIB) milling. This allowed the sculpturing of certain number of laser modes and thus moditying the output spectra produced by the Fabry-Perot device. A final example reported in [5] demonstrates that the output wavelength stability was erratic, highly fluctuating and random when the acousto-optical filter was not utilised in conjunction with a Fabry-Perot etalon.
This paper proposes and demonstrates a simple and cost effective solution based on the use of a linear cavity (acting as a resonant cavity) in conjunction with a saturable absorber, for suppressing noise fluctuations in the gain media which create mode competition in fibre lasers, thus leading to a stable output.
Experimental results show that by optimising the length of an un-pumped erbium doped fibre (which acts like a saturable absorber) inserted within the lasing cavity, mode competition can significantly be suppressed, thus resulting in a single lasing wavelength being amplified by the gain medium. Figure 1 . Architecture of the fibre laser employing a saturable absorber. The fibre mirror and fibre Bragg grating set the resonant cavity while the EDF A is the gain medium of the laser. The laser output is tapped using an optical coupler and monitored by an optical spectrum analyser. Figure 1 illustrates the layout of the proposed fibre laser structure, which is illustrated through a laboratory experiment that was set up. Two optical pump sources were used, namely, a 980 nm laser diode and a 1480 nm laser diode, each had a maximum output optical power of 160 mW. The optical pump signal power levels were 150 m W for the 980 nm pump and 90 m W for the 1480 nm. The light from both pump diodes was launched via a 1550/980 nm and a 155011480 nm WDM couplers to ensure that both pump signals were coupled into the EDFA, which had a length of 15 m, and the 1550 nm ports of the WDM multiplexers were connected to a 1538.1 nm fibre Bragg grating (FBG) and a fibre mirror, respectively, thus creating a laser system whose lasing wavelength equals to the Bragg wavelength of the FGB. A saturable absorber was connected between the 155011480 nm WDM coupler and the fibre mirror to induce constructive interference between two light waves travelling in opposite directions along the fibre mirror port, thus creating a standing wave within the saturable absorber, and inducing a periodic refractive change, which acted as a narrow band Bragg filter whose centre wavelength coincides with that of the FBG [6] , as illustrated in Fig. 2 . Controlling the bandwidth of the saturable absorber is achieved by the doping concentration of erbium atoms present in the fibre, as well as the length of the un pumped fibre. To create a small bandwidth filter, a high doped fibre is necessary resulting in substantial changes in the refractive index. According to the technical datasheet, the measured absorption for the saturable absorber was 6.75 dB/m at 1532 nm .
II. SYSTEM DESCRIPTION AND EXPERIMENTAL SETUP
A 5:95 fibre coupler was used to couple 95% of the lasing signal power to the FBG, which reflected that power back into the lasing cavity, while the remaining 5%, which is the laser output, was routed to an Optical Spectrum Analyser (OSA) for laser performance monitoring.
III. EXPERIMENTAL RESULTS
The experiments were intended to demonstrate the simple yet efficient capabilities of the fibre laser to produce a stable laser output by the incorporation of a saturable absorber. By optimising the length of the EDF saturable absorber, mode competition was completely eliminated and stable laser output was achieved, as discussed later.
In a first experiment, we removed the saturable absorber and drove the pump sources until lasing took place. Figure 3 shows a snap shot of the output laser spectrum. It is noticed that while an output signal at 1538.1 nm was generated, different competing modes were also present (two of these modes are seen in the snap shot captured), resulting in an unstable output power at 1538.1 nm . These side modes result from the high pump power launched into the EDF A as seen in Fig. 4 , which shows the measured output spectrum of the EDFA used in our experiments. Figure 4 shows the amplified spontaneous emission with the sharp noise spikes caused by the high optical pumping power. The high pumping power is necessary in order to create an output with high beam quality shape and power.
In a second experiment, a 2 m long saturable absorber was used as illustrated in Fig. 1 . Figure 5 shows the output spectrum of the laser system when a saturable absorber of length 2 m was used. This length was less than the optimum length, producing substantial mode competition that significantly affected the stability of the laser output. This instability in output laser power is attributed to the fact that by using the EDF saturable absorber with a length less than the optimum value, more optical loss was introduced into the lasing cavity, thus reducing the optical power being generated at 1538.1 nm and allowing more modes to compete within the cavity. Also, several standing waves corresponding to the competing mode wavelengths are generated, thus creating a super-imposed grating that filters the various present modes. However, the short length of the saturable absorber results in a small refractive index contrast, and hence, weak optical filtering effects that are not large enough to fully suppress the competing modes. The overall refractive index change along the saturable absorber length, L, is illustrated in Fig. 6 , where LIn is the difference between the maximum and minimum changes for the refractive index. Since there is no periodic change in the refractive index, the resulting grating pattern allows side modes to compete within the optical cavity. -25.00 Figure 5 . Measured output spectrum of the fibre laser when a 2 m long saturable absorber was used. The snap shot confirms the presence of more competing lasing modes within the optical cavity making the output power of laser unstable for this length of the saturable absorber.
Difference in the
Refractive index L Figure 6 . Refractive index differences inside the saturable absorber when no dominant mode is present, which creates a wide Bragg grating. The lack of periodicity in the refractive index, results in a grating pattern which allows side modes to compete within the optical cavity. Figure 7 shows the output spectrum of the laser when the length of the saturable absorber was increased to 4 m. This length was the optimum length for the saturable absorber, resulting in the superposition of several gratings with the dominant one being the grating that corresponds to the dominant mode at 1538.1 nm . All other gratings have weaker rejection effects that they do not enable other modes to reach the lasing point within the resonant cavity. The measured FWHM linewidth of the dominant mode was less than 0.1 nm (which is the resolution limit of the OSA), the SMSR was higher than 30 dB, and the maximum output power was around 5 dBm.
In a fourth experiment, the length of the saturable absorber was increased to 8 m. Figure 8 shows the corresponding output spectrum of the laser. As it can be seen, this long length of the saturable absorber not only introduced mode competition but also lowered the optimum output power by more than 3 dB. This is due to the fact that for a longer saturable absorber length the cavity loss increases thus reducing the dominant mode power as well as allowing lasing modes to appear inside of the resonant cavity. This results in a standing wave pattern that corresponds to a single Bragg grating at 1538.1 nm but with a weaker rejection (or broader bandwidth), thus enabling modes c1oser to 1538.1 nm to lase, as evident from Fig. 8 . Figure 8 . The output of the laser system when the length of the saturable absorber is 8 m corresponding to a length more than the optimum length.
The examples shown above for the effect of using a saturable absorber were taken from experimental results. These results were obtained by starting with a saturable length of 1 m and incrementing this value by one until reaching the final length of 8 m. All of the tested saturable absorber lengths exhibited longitudinal mode generation and promoted mode competition, except for the 4 m long saturable absorber. All of the tests were performed at a room temperature of 23° C.
V. CONCLUSION
This paper has demonstrated experimentally that the use of un-pumped EDF in a linear laser cavity can produce stable laser output by suppressing the mode competition that are usually present when high pump power levels are used to generate high output laser power levels. We have shown that with an optimum length of the saturable absorber, the laser system produces around 5 m W of output power with a SMSR of more than 30 dB, and that all other lengths for the saturable absorber result in a poor quality laser output due to the competition of various laser modes.
The reported fibre laser system can be integrated to the previously reported Opto-VLSI based fibre laser linear cavity structure [7] to produce a tunable fibre laser system with excellent stability.
